The genomic relationship between porcine parvovirus (PPV) and several other autonomous parvoviruses was examined by restriction site and hybridization analysis. Restriction site maps of the PPV genome were prepared by digesting the doublestranded replicative form of the viral DNA with each of eight restriction enzymes. Subsequent comparison of such maps with those previously reported for PPV, canine parvovirus (CPV), feline panleukopenia virus (FPV), minute virus of mice (MVM), H-I virus (H-l) and bovine parvovirus (BPV) revealed that while the maps of CPV, FPV, MVM and H-1 had a number of features in common, those of PPV and BPV were substantially different. For hybridization analysis radioactive probes prepared by nick translation of PPV, CPV and BPV genomes were tested under conditions of both low and high stringency for homologous hybridization and for heterologous hybridization with each of the other two viruses and with FPV. The results of these tests indicated homology among the genomes of PPV, CPV and FPV, but little or no homology between the genome of BPV and those of any of the other viruses tested. Additional tests with restriction fragments of PPV and a CPV probe indicated that heterologous hybridization was confined primarily to a segment of the genome between 1.85 and 2.7 kb from the 3' end. Based on transcriptional maps previously determined for several of the rodent parvoviruses, this interval is likely to include part of the coding sequences for both non-structural and structural proteins and may be the genetic basis for the replicative as well as the antigenic similarities between PPV and both CPV and FPV.
SUMMARY
The genomic relationship between porcine parvovirus (PPV) and several other autonomous parvoviruses was examined by restriction site and hybridization analysis. Restriction site maps of the PPV genome were prepared by digesting the doublestranded replicative form of the viral DNA with each of eight restriction enzymes. Subsequent comparison of such maps with those previously reported for PPV, canine parvovirus (CPV), feline panleukopenia virus (FPV), minute virus of mice (MVM), H-I virus (H-l) and bovine parvovirus (BPV) revealed that while the maps of CPV, FPV, MVM and H-1 had a number of features in common, those of PPV and BPV were substantially different. For hybridization analysis radioactive probes prepared by nick translation of PPV, CPV and BPV genomes were tested under conditions of both low and high stringency for homologous hybridization and for heterologous hybridization with each of the other two viruses and with FPV. The results of these tests indicated homology among the genomes of PPV, CPV and FPV, but little or no homology between the genome of BPV and those of any of the other viruses tested. Additional tests with restriction fragments of PPV and a CPV probe indicated that heterologous hybridization was confined primarily to a segment of the genome between 1.85 and 2.7 kb from the 3' end. Based on transcriptional maps previously determined for several of the rodent parvoviruses, this interval is likely to include part of the coding sequences for both non-structural and structural proteins and may be the genetic basis for the replicative as well as the antigenic similarities between PPV and both CPV and FPV.
The autonomous parvoviruses are small non-enveloped viruses with single-stranded linear DNA genomes which have been isolated from a wide variety of hosts. While capable of autonomous replication, these viruses depend on one or more host cell functions that are generated during the late S or early G2 phase of the cell cycle (Tennant & Hand, 1970; Tattersall, 1972) . During virus replication, the single-stranded genome is converted to a double-stranded replicative form (RF), which functions both as a template for mRNA synthesis and as an intermediate in the synthesis of progeny genomic DNA (Siegl et al., 1985) .
The genomes of autonomous parvoviruses are similar in regard to secondary structure, replicative intermediates, length and translational maps (Rhode, 1985; Carlson et al., 1985; Rhode & Paradiso, 1983; Astell et al., 1983; Carter et al., 1983; Hauswirth, 1984) . DNA DNA hybridization studies, electron microscope heteroduplex mapping and restriction site mapping indicate that within this genus, Kilham rat virus (KRV), minute virus of mice (MVM), H-I, LulII, feline panleukopenia virus (FPV) and canine parvovirus (CPV) are closely related (estimated homology 70~ to 90~), whereas the relationship to Aleutian disease virus (ADV) and bovine parvovirus (BPV) appears to be more remote (Siegl et al., 1985) . Comparison of the sequences available for MVM (Astell et al., 1983) , H-1 (Rhode & Paradiso, 1983) , FPV (Carlson et al., 1985) and CPV (Rhode, 1985) reveals extensive similarity dispersed throughout the 0000-7254 © 1987 SGM Short communication genome. To date, the relationship of the PPV genome to those of other parvoviruses in this genus has yet to be established. An antigenic relationship, demonstrable by immunofluorescence, has been reported between CPV and PPV by Mengeling et al. (1983) , suggesting that PPV may belong to the interrelated group listed above. The purpose of the studies described herein was to examine the genome similarity between PPV and other parvoviruses by restriction site mapping and hybridization analysis to determine its relationship to other viruses within this genome, and if a relationship was found to determine whether the homology was uniform across the genome or confined to certain portions.
For these studies, replicative forms of the following strains were isolated: strain NADL-8 of PPV (propagated in 6th passage foetal porcine kidney cell cultures), strain KB of CPV [propagated in the established Crandal feline kidney (CRFK) cell line], strain Ick 33 of FPV (propagated in CRFK), strain HADEN of BPV (propagated in 8th passage foetal bovine spleen cell cultures). Cultures infected with PPV, CPV or FPV were harvested when 10~ to 20~ c.p.e. was noted (This level of c.p.e, resulted in the optimum amount of RF recovered.) Because infection with BPV does not result in early c.p.e, under the culture conditions used, BPVinfected cultures were harvested when 75~ to 90~ of the cells were infected as judged by immunofluorescence using polyclonal serum prepared against BPV.
Replicative forms of the viral strains were isolated by Hirt extraction (Hirt, 1967) as modified by Tattersall et al. (1973) . Monomer duplex RF DNAs were further purified by agarose slab gel (20 x 25 x 0.2 cm) electrophoresis at 40 V for 16 h followed by elution onto DEAE-cellulose (Epigene, Baltimore, Md., U.S.A.) and recovery. The gel-purified RFs were used for endlabelling, blotting and preparing labelled probes.
Restriction sites for PPV RF DNA were established by double digestions and partial digestion as described by Maniatis et aL (1982) . Enzymes were obtained from New England BioLabs and IBI (New Haven, Conn., U.S.A.). Maps for MVM, H-l, FPV and CPV were generated from the published sequences when possible, using the DNASTAR microcomputer system (DNASTAR, Madison, Wis., U.S.A.). Where sequences were not available, CPV and FPV sites were derived from the maps published by McMaster et al. (1981b) .
DNA homology was evaluated by performing Southern blot hybridization at 35 °C in buffers containing 20~ to 50~ formamide using 32p-labelled probes of PPV, CPV, FPV and BPV. Labelling of RF DNAs was achieved by nick translation (Rigby et al., 1977) using 32p-labelled ATP or CTP (New England Nuclear) and preparations ranged from 2 x 108 to 5 x l0 s c.p.m./gg DNA. Uniform labelling of probes was suggested by their ability to detect different portions of the genome in homogeneous hybridization. Gels of undigested RFs were blotted onto Zeta-Probe nylon membranes (Bio-Rad) by Southern transfer (Southern, 1975) . Gels of restriction enzyme-digested PPV were electroeluted onto Zeta-Probe in TAE buffer (10 mM-Tris, 5 mM-sodium acetate, 0.5 mM-EDTA, pH 7.8) at 50 V (0.8 A) for 16 h with cooling, as there is a reduced efficiency of transfer for lower molecular weight bands in capillary transfers. Pre-hybridization and hybridization reactions were carried out essentially as described by Maniatis et al. (1982) , with the exceptions that pre-hybridization time was increased to 24 h and post-hybridization washes were performed at equivalent effective temperatures calculated from the original hybridization temperature and the formamide and salt concentrations of the individual reaction mixtures. Hybridizations, using 1 × 106 c.p.m. labelled probe, were performed in a range of formamide concentrations (20~ to 50~) which resulted in effective incubation temperatures of 51 °C to 70 °C as described by Howley et al. (1979) . After hybridization, blots were exposed to X-Omat AR film (Kodak) at -70 °C in the presence of Kodak X-Omatic intensifying screens. Blots were stripped of radioactive probe by washing twice at 25 °C for 15 min each in 0.4 M-NaOH followed by washing six times in 0.1 SSC, 0.5~ SDS at 95 °C for 15 min each and re-used for hybridization. Blots were re-used for hybridizations up to four times with no noticeable loss of DNA.
Our determination of the restriction sites in PPV DNA for the enzymes PstI, TaqI, HindIII, EcoRI, BgllI, HpalI/MspI, HaelI[ and MboI/Sau3AI (Fig. 1) are in general agreement with the distribution published by Molitor et al. (1984) . In addition the previously unpublished sites cut by HaelII and MboI/Sau3AI in PPV are shown (Fig. 1) . Also shown in this figure, , 1983) . Map positions are represented as the number of kb from the 3' end.
Comparisons of restriction site maps for PPV with other parvoviruses suggests that the base sequence recognized by HaelII at about 1.85 kb is conserved in PPV, FPV, CPV, MVM and H-I. Similarly, the HaelII site at 3.8 kb and the Sau3AI site at 3.5 kb present in PPV also appear to be in FPV and CPV. In addition PPV, FPV, CPV and MVM all possess a Sau3AI site at 4.3 kb.
There also appear to be sites which are conserved among FPV, CPV, MVM and H-1 but are not present in PPV; these include an EcoRI site at 1.1 kb, HaelII at 2-4, a Sau3AI site at 1.7 kb and another at 2.6 kb. Matching sites were not apparent between BPV and PPV, CPV, FPV, MVM or H-1. The results of hybridization analyses of homology between replicative DNA forms of PPV, CPV, FPV and BPV can be seen in Fig. 2 . When hybridizations were performed under low stringency conditions (30~ formamide, effective temperature 56 °C) binding was observed between PPV, CPV and FPV using both PPV and CPV probes. Under higher stringency conditions (50~ formamide, effective temperature 70 °C), the heterogeneous reaction between PPV and CPV or FPV was eliminated or greatly reduced, while the homogeneous reaction was still quite evident. Little or no binding of the PPV probe to BPV was observed at 50~ or 30~ formamide. In the reciprocal experiment when BPV was used as the labelled probe, binding was observed with BPV, but little or no binding was seen with PPV, CPV or FPV. Binding was also not observed between BPV and CPV, FPV or PPV when 20~ formamide solutions were used (data not shown). To determine if the homology between FPV and PPV was uniform across the genome, PPV RF DNA was digested with HaeIII, Sau3A! and MspI, transferred to Zeta-Probe and probed with labelled PPV and CPV under low stringency conditions (Fig. 3) . The D N A bands giving the strongest signal in the heterologous reaction corresponded to the portion of the PPV genome located between 1-85 to 2.7 kb from the 3' end.
The comparison of restriction sites of eight different enzymes in PPV to the restriction site maps for the same enzymes in CPV, FPV, MVM and H-1 revealed that while PPV possesses some sites in common with this group, its map is substantially different, suggesting a more distant relationship of PPV and CPV than may have been previously surmised on the basis of antigenic cross-reactivity. Hybridization analysis of the homology between the RF D N A s of PPV, CPV, FPV and BPV demonstrated that within this group, the highest level of homology was between CPV and FPV. In contrast to the comparison of restriction site maps, in which PPV appeared to be substantially different from CPV and FPV, homology was observed between PPV and CPV and FPV, albeit at a lower level than that seen between CPV and FPV. Little or no homology was detected between BPV and PPV, CPV or FPV under the conditions used, in agreement with other reports (Siegl et al., 1985) . Significantly, the homology observed between PPV and CPV was not uniform across the genome but was highest across a portion of the genome between 1.85 and 2.7 kb from the 3' end. In contrast, examination of the shared homology between MVM and B-19 (Cotmore & Tattersall, 1984) revealed it was dispersed across the genome. Studies of the rodent parvoviruses (H-1, MVM and KRV) indicate that nonstructural viral proteins are coded for by the area of the genome between 0.3 kb from the 3' end and 4.6 kb from the 3' end, while structural proteins are coded for in the area between !-7 kb from the 3' end and 4.6 kb from the 3' end (Astell et al., 1983 , Cotmore et al., 1983 Rhode & Paradiso, 1983; Paradiso et al., 1984) . This portion of the PPV genome could thus code for structural and non-structural proteins. The existence of homology within this area between viruses with different host specificities raises the possibility of conserved functions and antigenic sites for both structural and non-structural proteins. Cotmore et al. (1983) have identified and characterized a non-structural protein coded for by a sequence spanning a corresponding region in the MVM genome. Antisera obtained from animals infected with H-1 and PPV recognize this protein, supporting the suggestion that this region is highly conserved within this group of parvoviruses. These results suggest a common ancestry for PPV, FPV, CPV, MVM and H-1 and indicate a portion of the genome which appears to have been highly conserved in evolution. Science 226, 1161-1165. 
